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CARBON-SILICON COMPOSITE, METHOD
OF PREPARING THE SAME, AND ANODE
ACTIVE MATERIAL INCLUDING THE
CARBON-SILICON COMPOSITE

CROSS-REFERENCE TO RELATED
APPLICATION

The present application 1s a continuation of International
Application No. PCT/KR2013/006399, filed Jul. 17, 2013,
which claims the benefit of Korean Patent Application No.
10-2013-0081680 filed Jul. 11, 2013, and Korean Patent

Application No. 10-2012-0079567 filed Jul. 20, 2012, the
disclosures of which are incorporated herein by reference.

TECHNICAL FIELD

The present invention relates to a carbon-silicon compos-
ite, 1n which surfaces of silicon particles are coated with a
carbon-based material that 1s doped with doping atoms, a
method of preparing the same, and an anode active material
including the carbon-silicon composite.

BACKGROUND ART

In line with recent miniaturization and lightweight trends
in electronic devices, the miniaturization and weight reduc-
tion have also been required for batteries acting as a power
source. Lithium-based secondary batteries have been com-
mercialized as a battery that may be mimiaturized, light
weighted, and charged to high capacity, and the lithium-
based secondary batteries have been used 1n portable elec-
tronic devices, such as small video cameras, mobile phones,
and notebooks, and communication devices.

Lithium secondary batteries, as an energy storage device
having high energy and power, may be advantageous in that
capacities or operating voltages thereof are higher than those
of other types of batteries. However, since the safety of the
batteries may be problematic due to the high energy, there
may be a risk of explosion or fire. In particular, since high
energy and output characteristics are required for hybnd
vehicles that have recently been 1n the spotlight, 1t may be
considered that the safety 1s more important.

In general, a Iithium secondary battery 1s composed of a
cathode, an anode, and an electrolyte, 1n which charge and
discharge may be possible, because lithium 10ns, which are
discharged from a cathode active material by first charging,
may act to transier energy while moving between both
clectrodes, for example, the lithium 1ons are intercalated into
an anode active material, 1.e., carbon particles, and deinter-
calated during discharging.

Meanwhile, since there 1s a continuous need for high-
capacity batteries due to the development of portable elec-
tronic devices, research into high-capacity anode matenals,
such as tin (Sn) and silicon (S1), which have significantly
higher capacity per unit mass than that of carbon that 1s used
as a typical anode material, have been actively conducted. In
the case that S1 or a S1 alloy 1s used as an anode active
material, volume expansion may increase and cycle charac-
teristics may degrade. In order to address the above limita-
tions, the S1 or the Si1 alloy may be mixed with graphite to
be used as the anode active material. However, since the
graphite may be non-uniformly distributed during the mix-
ing, the cycle characteristics and lifetime may degrade.
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2
DISCLOSURE OF THE INVENTION

Technical Problem

The present invention provides a carbon-silicon compos-
ite having improved capacity and cycle stability that are
caused by increasing electrical conductivity by coating a
silicon-based anode active material with carbon.

The present invention also provides a method of preparing,
the carbon-silicon composite.

In addition, the present invention provides an anode
active material including the carbon-silicon composite.

Furthermore, the present invention provides an anode
including the anode active material and a secondary battery.

Technical Solution

According to an aspect of the present invention, there 1s
provided a carbon-silicon composite, 1n which surfaces of
s1licon particles are coated with a carbon-based matenal that
1s doped with at least one type of doping atoms selected from
the group consisting of nitrogen (IN), phosphorous (P), boron
(B), sodium (Na), and aluminum (Al).

According to another aspect of the present invention,
there 1s provided a method of preparing a carbon-silicon
composite including adding a carbon-based material, silicon
particles, and a reducing agent to a solution, and heat
treating a mixture obtained by the addition.

According to another aspect of the present invention,
there 1s provided an anode active material including the
carbon-silicon composite.

Also, according to another aspect of the present invention,
there 1s provided an anode including the anode active
material.

Furthermore, according to another aspect of the present
invention, there 1s provided a secondary battery including
the anode.

Advantageous Ellects

According to the present invention, silicon particles may
be coated with a carbon-based material 1n an 1n-situ process,
and the electrical conductivity may be increased by uni-
tformly coating the silicon particles with the carbon-based
material by a simple method. Thus, capacity and cycle
stability may be improved.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic view illustrating a method of
preparing a carbon-silicon composite according to an
embodiment of the present invention;

FIG. 2 1s scanning electron microscope (SEM) micro-
graphs ol carbon-silicon composites that are doped with
nitrogen and prepared 1n Examples 1 to 3 according to the
present invention, and carbon-silicon composites that are not
doped with nitrogen and prepared in Comparative Examples
1 to 3;

FIG. 3 1s transmission electron microscope (T EM) micro-
graphs and energy dispersive X-ray spectroscopy (EDS)
results of the carbon-silicon composite prepared in Example
2 according to the present invention;

FIG. 4 1s a graph illustrating nitrogen doping concentra-
tions of the carbon-silicon composites prepared in Examples
1 to 3 according to the present mnvention;
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FIGS. 5 and 6 are graphs illustrating capacity character-
istics of secondary batteries prepared in Examples 4 to 6
according to the present invention and Comparative
Example 7; and

FIG. 7 1s a graph 1llustrating cycle stability characteristics
of the secondary batteries prepared in Examples 4 to 6
according to the present invention and Comparative
Example 7.

MODE FOR CARRYING OUT THE INVENTION

Hereinatiter, the present invention will be described in
detaul.

The present invention provides a carbon-silicon compos-
ite, 1n which surfaces of silicon particles are coated with a
carbon-based material that 1s doped with at least one type of

doping atoms selected from the group consisting of nitrogen
(N), phosphorous (P), boron (B), sodium (Na), and alumi-
num (Al).

Most maternials are composed of a collection of many
atoms and these atoms have predetermined regularity to one
another, in which a matenal 1 regular arrangement 1is
denoted as a crystal. However, an actual crystal 1s not perfect
and may have various types of defects, 1n which the defects
may aflect physical and mechanical properties of the crystal.

First, there are various types of defects that do not form
crystals, in which the defects may have a size ranging from
atomic to micron scales. The type of the defects may be
categorized as point defects (zero-dimensional defects), line
defects (one-dimensional defects), planar defects (two-di-
mensional defects), and volume defects (three-dimensional
defects). The doping atoms may be inserted or substituted
into such defects of the carbon-based material.

The doping atoms may be included 1n an amount ranging,
from 3% to 8% based on carbon atoms of the carbon-based
material. In the case that the amount of the doping atoms
included based on the carbon atoms 1s less than 3%, the
carbon-based material may not be sufliciently positively
charged, and thus, the carbon-based material and the silicon
particles may not be bound by electrostatic attraction. In the
case 1n which the amount of the doping atoms 1s greater than
8%, since the carbon-based material may be 1n an exces-
sively positively charged state, the surfaces of the silicon
particles may be coated with an excessive amount of the
carbon-based material. Thus, mitial efliciency may be
reduced.

Also, a thickness of the carbon-based material coated on
the surfaces of the silicon particles may be 1n a range of 1
nm to 5 nm. In the case that the thickness 1s less than 1 nm,
suilicient electrical conductivity may not be provided to the
carbon-silicon composite. In the case 1n which the thickness
1s greater than 5 nm, the surfaces of the silicon particles are
coated with the carbon-based material having a high specific
surface area, and thus, battery efliciency may be reduced.

The present invention also provides a method of preparing,
a carbon-silicon composite including adding a carbon-based
matenal, silicon particles, and a reducing agent to a solution,
and heat treating a mixture obtained by the addition.

FIG. 1 1s a schematic view 1illustrating a method of
preparing a carbon-silicon composite according to an
embodiment of the present invention.

Referring to FIG. 1, the method of preparing a carbon-
s1licon composite according to the embodiment of the pres-
ent 1nvention may include adding a carbon-based material,
s1licon particles, and a reducing agent to a solution, and heat
treating.
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Specifically, the carbon-based material may be positively
charged by being doped with the doping atoms due to the
reducing agent. Since the surfaces of the silicon particles are
casily oxidized to form a thin silicon oxide layer thereon, the
surfaces thereol are negatively charged, and thus, the silicon
particles and the carbon-based material are bound by elec-
trostatic attraction. With respect to the carbon and silicon
particles bound by the electrostatic attraction, the surfaces of
the silicon particles are coated with the carbon-based mate-
rial through the heat treatment.

In the case that the silicon particles are coated with the
carbon-based material by using a typical surfactant, a non-
conductive layer may exist between the silicon particles and
the carbon-based matenal.

However, with respect to the carbon-silicon composite
prepared by the method of preparing a carbon-silicon com-
posite according to the embodiment of the present invention,
since the non-conductive layer does not exist between the
carbon-based material and the silicon particles and the
carbon-based material and the silicon particles are bound by
the electrostatic attraction, the surfaces of the silicon par-
ticles may be umiformly coated with the carbon-based mate-
rial.

Oxygen atoms of the carbon-based material or defects of
the carbon-based material are doped with the doping atoms
due to the reducing agent and thus, the carbon-based mate-
rial becomes positively charged. The doping atom may be
any one selected from the group consisting of N, P, B, Na,
and Al, or a mixture of two or more thereof.

The defects denote parts, 1n which constituent atoms are
removed from or impurities are included in the crystal
structure of the carbon-based matenal. For example, in the
case that the reducing agent 1s hydrazine, a nitrogen-doped
carbon-based material may be obtained as the oxygen atoms
or the defects of the carbon-based material are reduced by
the hydrazine, and the nitrogen-doped carbon-based material
becomes positively charged.

Since the silicon particles are easily oxidized, oxygen
atoms are bonded to the surfaces of the silicon particles, and
thus, the silicon particles may also be oxidized silicon
particles. With respect to the carbon and the silicon particles
bound together by the electrostatic attraction, the surfaces of
the silicon particles may be coated with the carbon-based
material through the heat treatment (calcination).

Any one selected from the group consisting of graphene
nanoribbon (GNR), carbon nanotube (CNT), and reduced
graphene oxide, or a mixture of two or more thereol may be
used as the carbon-based material. The graphene has a
surface area of about 2,600 m*/g and an electron mobility
ranging from 15,000 cm®/Vs to 200,000 cm*/Vs, in which
the graphene has relatively useful properties in comparison
to other carbon materials. In particular, the electron transter
rate of graphene 1s close to the speed of light, and the reason
for this 1s that electrons move like massless particles in the
graphene.

The graphene may be prepared by a typical Scotch tape
method, an epitaxy method using a silicon carbide insulator,
a chemical method using a reducing agent, and a method
using a metal catalyst. Also, since the carbon nanotube has
excellent strength and high resistance to fracture, the defor-
mation of a current collector due to the repetition of charging,
and discharging or external force may be prevented and the
oxidation of the surface of the current collector 1n unusual
environments, such as high temperature and overcharging,
of a battery may be prevented. Thus, the safety of the battery
may be significantly improved.
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A diameter of the silicon particle 1s not particularly
limited, but may be in a range of 1 nm to 100 nm.

Also, the carbon-based material may be included 1n an
amount ranging from 5 wt % to 10 wt % of the silicon
particles. In the case that the amount of the carbon-based
material 1s less than 5 wt %, since the entire surfaces of the
s1licon particles are not coated with the carbon-based mate-
rial, an eflect of improving electrical conductivity may be
insignificant. In the case 1n which the amount of the carbon-
based material 1s greater than 10 wt %, the carbon-based
material may be agglomerated, and thus, 1nitial efliciency
may be reduced and capacity may be decreased.

Any one selected from the group consisting of hydrazine,
ammonia, sodium borohydride, sodium naphthalenide,
sodium anthracenide, sodium benzophenone, sodium ace-
naphthylenide, {ferrocene, lithium aluminium hydnde,
lithium tris(terbutoxy)aluminium hydride borane, 9-borabi-
cyclo[3.3.1]nonane, and diisobutylaluminium hydrnide, or a
mixture ol two or more thereof may be used as the reducing,
agent.

At least one selected from the group consisting of water,
distilled water, N-methyl-2-pyrrolidone (NMP), dimethyl
sulfoxide (DMSOQO), acetonitrile, acetone, tetrahydrofuran
(THF), diethyl ether, toluene, and 1,2-dichlorobenzene may
be used as the solution. The distilled water may be tertiary
distilled water, which 1s distilled using a film after distilla-
tion and then distilled using a semi-permeable membrane.

The solution may be alkalescent with a pH value ranging
from 7 to 9. In the case that the pH value of the solution 1s
less than 7, the silicon particles may not be negatively
charged, and 1n the case 1n which the pH value 1s greater than
9, the carbon-based material doped with the doping atoms
may not be positively charged.

The heat treatment may be performed at a temperature
ranging from 350° C. to 750° C. In the case that the heat
treatment temperature 1s less than 350° C., the removal of
the solution and impurities may not be facilitated and the
reduction of the carbon-based material may be insignificant.
In the case in which the heat treatment temperature 1s greater
than 750° C., crystallinity of the silicon particles may be
changed.

Also, the method of preparing a carbon-silicon composite
according to the embodiment of the present invention may
turther include filtering after the carbon-based matenal, the
silicon particles, and the reducing agent are added to the
solution. The filtering may be performed before the heat
treatment. The filtering may be performed to separate the
carbon and the silicon particles, which are bound together by
the electrostatic attraction, from the solution.

Furthermore, the present invention provides an anode
active material including the carbon-silicon composite pre-
pared according to the method of preparing a carbon-silicon
composite.

The carbon-silicon composite according to the embodi-
ment of the present mmvention may be used as the anode
active material and may also be used in a secondary battery
by being mixed with a typically used anode active material.
The typically used anode active material may be any one
selected from the group consisting of graphite, soit carbon,
hard carbon, and lithium titanium oxide, or a mixture of two
or more thereof.

Also, the present mnvention provides a secondary battery
including a cathode including a cathode active matenal; a
separator; an anode including the anode active material; and
an e¢lectrolyte.

The anode active material may be prepared as an anode.
For example, the anode active material of the present

10

15

20

25

30

35

40

45

50

55

60

65

6

invention 1s mixed with a binder, a solvent, and a conductive
agent and a dispersant 1 necessary, and stirred to prepare a
slurry. Then, a current collector may be coated with the
slurry and pressed to prepare the anode.

Examples of the binder may be a vinylidene fluoride-
hexafluoropropylene copolymer (PVDF-co-HEP), polyvi-
nylidene fluoride, polyacrylonitrile, polymethylmethacry-
late, polyvinyl alcohol, carboxymethyl cellulose (CMC),
starch, hydroxypropyl cellulose, regenerated cellulose, poly-
vinylpyrrolidone, tetrafluoroethylene, polyethylene, poly-
propylene, polyacrylate, an ethylene-propylene-diene
monomer (EPDM), a sulfonated EPDM, a styrene-butadiene
rubber (SBR), a fluoro rubber, or various copolymers.

N-methyl-2-pyrrolidone, acetone, or water may be used as
the solvent.

The conductive agent 1s not particularly limited so long as
it does not generate chemical changes 1n the battery as well
as having conductivity. Examples of the conductive agent
may be graphite such as natural graphite and artificial
graphite; carbon black such as acetylene black, Ketjen black,
channel black, furnace black, lamp black, and thermal black;
conductive fibers such as carbon fibers and metal fibers;
metal powder such as fluorocarbon powder, aluminum pow-
der, and nickel powder; conductive whiskers such as zinc
oxide whiskers and potassium titanate whiskers; conductive
metal oxide such as titanium oxide; a conductive material
such as a polyphenylene dernivative, etc.

An aqueous-based dispersant or an organic dispersant,
such as N-methyl-2-pyrrolidone, may be used as the disper-
sant.

Similar to the preparation of the anode, a cathode active
material, a conductive agent, a binder, and a solvent are
mixed to prepare a slurry, and then a cathode may be
prepared by directly coating a metal collector with the slurry
or by casting the slurry on a separate support and laminating
a cathode active matenal film separated from the support on
a metal collector.

Examples of the cathode active material may be a layered
compound, such as lithium cobalt oxide (L1CoO,) or lithium
nickel oxide (LLiN10O,), or a compound substituted with one
or more transition metals; lithtum manganese oxides such as
L1, Mn, O, (where y 1s 0 to 0.33), LiMnO;, LiMn,05,
and LiMnO,; lithium copper oxide (L1,CuQO,); vanadium
oxides such as Li1V,0,, LiFe,O,, V,0O., and Cu,V,O-;
nickel (N1)-site type lithium nickel oxide expressed by a
chemical formula of LiN1,_ M, O, (where M 1s cobalt (Co),
manganese (Mn), Al, copper (Cu), iron (Fe), magnesium
(Mg), B, or gallium (Ga), and vy 1s 0.01 to 0.3); lithium
manganese complex oxide expressed by a chemical formula
of LiMn,_ M, O, (where M 1s Co, N1, Fe, chromium (Cr),
zinc (/n), or tantalum (Ta), and y 1s 0.01 to 0.1) or
L1, Mn,MO, (where M 1s Fe, Co, N1, Cu, or Zn); and
LiMn,O, having a part of lithium (1) being substituted with
alkaline earth metal 1ons. However, the cathode active
material 1s not limited thereto.

A typical porous polymer film used as a typical separator,
for example, a porous polymer film prepared from a poly-
olefin-based polymer, such as an ethylene homopolymer, a
propylene homopolymer, an ethylene/butene copolymer, an
cthylene/hexene copolymer, and an ethylene/methacrylate
copolymer, may be used alone or by being laminated as the
separator. A typical porous nonwoven fabric, for example, a
nonwoven fabric formed of high melting point glass fibers or
polyethylene terephthalate fibers may be used, but the sepa-
rator 1s not limited thereto.

In an electrolyte solution used in the present invention, a
lithium salt, which may be included as the electrolyte, may
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be used without limitation so long as it 1s typically used in
an electrolyte solution for a secondary battery. For example,

any one selected from the group consisting of F~, C17, 17,
NO,~, N(CN),~, BF,”, ClO,”, PF.", (CF;),PF,”, (CF;),
PF,”, (CF,),PF,”, (CF,).PF~, (CF,)P", CF,SO,7,
CF;,CF,S0O,~, (CF,S0,),N, (FSO,),N-, CF,CF,(CF;),
CO~, (CF;S0,),CH™, (SF;),C™, (CF;S0,),C~, CF,(CF,),
SO,~, CF,CO,~, CH,CO,~, SCN™, and (CF;CF,SO,),N™ or
a mixture of two or more thereof may be used as an anion
of the lithium salt.

In the electrolyte solution used 1n the present invention, an
organic solvent included 1n the electrolyte solution may be
used without limitation so long as it 1s typically used, and
typically, any one selected from the group consisting of
propylene carbonate, ethylene carbonate, diethyl carbonate,
dimethyl carbonate, ethylmethyl carbonate, methylpropyl
carbonate, dipropyl carbonate, dimethyl sulfoxide, acetoni-
trile, dimethoxyethane, diethoxyethane, vinylene carbonate,
sulfolane, v-butyrolactone, propylene sulfite, and tetrahy-
drofuran, or a mixture of two or more thereof may be used.

In particular, ethylene carbonate and propylene carbonate,
ring-type carbonates among the carbonate-based organic
solvents, well dissociate the lithium salt 1n the electrolyte
solution due to high dielectric constants as high-viscosity
organic solvents, and thus, the ring-type carbonate may be
used. Since an electrolyte solution having high electrical
conductivity may be prepared when the ring-type carbonate
1s mixed with low-viscosity, low-dielectric constant linear
carbonate, such as dimethyl carbonate and diethyl carbonate,
in an appropriate ratio, the ring-type carbonate, for example,
may be used.

Selectively, the electrolyte solution stored according to
the present invention may further include an additive, such
as an overcharge ihibitor, included 1n a typical electrolyte
solution.

A separator 1s disposed between the cathode and the
anode to form a battery structure, the battery structure is
wound or folded to put in a cylindrical battery case or
prismatic battery case, and then a secondary battery 1s
completed when the electrolyte 1s 1njected thereinto. Also,
the battery structure 1s stacked 1n a bi-cell structure, impreg-
nated with the electrolyte solution, and a secondary battery
1s then completed when the product thus obtained 1s put 1n
a pouch and sealed.

Hereinafter, the present invention will be described in
detail according to specific examples. The invention may,
however, be embodied 1n many different forms and should
not be construed as being limited to the embodiments set
forth herein.

Example 1: Preparation 1 of Carbon-Silicon
Composite (S1/NCNT)

Carbon nanotubes, as a carbon-based material, and silicon
nanoparticles were introduced into tertiary distilled water
and hydrazine was then added thereto to prepare an alkaline
aqueous solution with a pH value of 8. Nitrogen-doped
carbon nanotubes were prepared as terminal oxygen atoms
or defects of the carbon nanotubes were reduced by the
hydrazine. The nitrogen-doped carbon nanotubes were posi-
tively charged and the silicon nanoparticles were negatively
charged 1n the alkaline aqueous solution with a pH value of
8, and thus, the nitrogen-doped carbon nanotubes and the
silicon nanoparticles were bound together by electrostatic
attraction. Carbon-silicon particles bound by the electro-
static attraction were separated from the aqueous solution by
filtration, and the carbon-silicon particles were heat treated
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at 500° C. to prepare a carbon-silicon composite having a
core-shell structure, 1n which surfaces of the silicon particles
were coated with the carbon nanotubes.

Example 2: Preparation 2 of Carbon-Silicon
Composite (S1/NGNR)

A carbon-silicon composite was prepared in the same
manner as Example 1 except that graphene nanoribbons
were used as a carbon-based material.

Example 3: Preparation 3 of Carbon-Silicon
Composite (S1/NrGO)

A carbon-silicon composite was prepared 1n the same
manner as Example 1 except that reduced graphene oxide
was used as a carbon-based matenal.

Comparative Examples 1 to 3

A reducing agent was not used, and silicon nanoparticles
and reduced graphene oxide, silicon nanoparticles and car-
bon nanotubes, and silicon nanoparticles and graphene nan-
oribbons were used to respectively prepare a reduced gra-
phene oxide-silicon composite (S1/rGQO), a carbon nanotube-
silicon composite (S1/CNT), and a graphene nanoribbon-
silicon composite (S1/GNR), which were not doped with
nitrogen.

Lithium Secondary Battery Preparation
Examples 4 to 6

Carbon-silicon composites prepared in Examples 1 to 3
were respectively used as an anode active matenal. Each
anode active material of Examples 1 to 3, a conductive agent
including acetylene black, and a binder including polyvi-
nylidene fluoride were used and mixed at a weight ratio of
88:2:10. The mixture was then mixed with N-methyl-2-
pyrrolidone to prepare a slurry. One surface of a copper
current collector was coated with the prepared slurry to a
thickness of 65 um, and then dried and rolled. Then, anodes
were prepared by punching into a predetermined size.

LiPF. was added to a non-aqueous electrolyte solvent
prepared by mixing ethylene carbonate and diethyl carbon-
ate at a volume ratio of 30:70 to prepare a 1 M LiPF,
non-aqueous electrolyte solution.

A lithium foil was used as a counter electrode, and a
polyolefin separator was disposed between both electrodes.
Then, coin-type secondary batteries were prepared by 1nject-
ing the electrolyte solution.

Comparative Examples 4 to 6

Lithium secondary batteries were prepared in the same
manner as Examples 4 to 6 except that the reduced graphene
oxide-silicon composite (S1/rGO), the carbon nanotube-
silicon composite (S1/CNT), and the graphene nanoribbon-
silicon composite (S1YGNR), which were not doped with
nitrogen and prepared in Comparative Examples 1 to 3, were
respectively used as an anode active matenial.

Comparative Example 7

A secondary battery was prepared 1n the same manner as
Examples 4 to 6 except that silicon was used as an anode
active material.
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Experimental Example 1: Surface and Internal
Analysis of Carbon-Silicon Composite

FIG. 2 1s scannming electron microscope (SEM) micro-
graphs of carbon-silicon composites that were prepared in >
Examples 1 to 3 according to the present invention and
Comparative Examples 1 to 3.

As 1llustrated 1n FIG. 2(a), with respect to the reduced
graphene oxide-silicon composite (S1/rGO), the carbon
nanotube-silicon composite (S1/CNT), and the graphene
nanoribbon-silicon composite (Si/GNR) which were not
doped with nitrogen and prepared in Comparative Examples
1 to 3, 1t may be understood that since carbon not doped with
nitrogen has almost no wettability to the solution, silicon
particles were sparsely coated with the carbon.

As 1llustrated 1n FIG. 2(b), with respect to the carbon-
silicon composites of Examples 1 to 3 of the present
invention, 1t may be understood that since carbon-based
maternals doped with doping atoms (N, P, B, Na, or Al) were 20
used 1n the manufacturing of the carbon-silicon composites,
the surfaces of silicon particles were uniformly coated with
the carbon-based matenals.

FIG. 3 1s transmission electron microscope (TEM) micro-
graphs (a and ¢ of FIG. 3) and energy dispersive X-ray 25
spectroscopy (EDS, b of FIG. 3) results of the carbon-silicon
composite (Si/NGNR) prepared 1n Example 2 according to
the present invention. Herein, ¢ of FIG. 3 illustrates original
data of a line profile in a of FIG. 3, and the results of EDS

analysis on ¢ are illustrated in b of FIG. 3. 30

Referring to FIG. 3, 1t may be understood that the for-
mation of the carbon-silicon composite was 1dentified by the
TEM micrographs, and 1t may be confirmed by the EDS
analysis that the carbon-silicon composite (SI/NGNR) pre-
pared i Example 2 was composed of carbon and silicon. 35

FIG. 4 1s a graph 1llustrating nitrogen doping concentra-
tions of the carbon-silicon composites prepared 1n Examples
1 to 3 according to the present invention.

Referring to FIG. 4, 1t may be confirmed that the carbon-
s1licon composites prepared in Examples 1 to 3 respectively 40
contained 3.56 at %, 5.51 at %, and 8.34 at % of mitrogen (In
FIG. 4, the unit “at % denotes the percentage (atomic %) of
nitrogen atoms). In contrast, no peak was shown in Com-
parative Examples 1 to 3, and thus, it may be confirmed that
nitrogen was not contained. 45
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Experimental Example 2: Capacity and Cycle
Stability Analysis of Secondary Battery

Charge and discharge experiments were performed at 50
constant current by using the secondary batteries prepared 1n
Examples 4 to 6 and Comparative Example 7. A voltage
region of 0 to 1.5 V (vs. Li/L1") was used during the charge
and discharge experiments.

In this case, constant current (CC)/constant voltage (CV) 55
charge and CC discharge were performed at a current value
(0.1 C) of 3.0 mAh, and the CV mode was performed under
a cut-oil condition of 5 mV.

FIGS. § and 6 are graphs illustrating capacities of the
secondary batteries prepared 1n Examples 4 to 6 according 60
to the present invention and Comparative Example 7. Spe-
cifically, FIG. § illustrates the capacities of the secondary
batteries prepared i Examples 4 to 6 according to the
present invention and Comparative Example 7, and FIG. 6
illustrates normalized capacities of the secondary batteries 65
prepared in Examples 4 to 6 according to the present
invention and Comparative Example 7.
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As 1llustrated in FIGS. 5 and 6, 1t may be understood that
the capacities of the secondary batteries of Examples 4 to 6
according to the present nvention were significantly
increased in comparison to the secondary battery having an
anode active material composed of silicon as 1n Comparative
Example 7.

FIG. 7 1s a graph illustrating cycle stabilities of the
secondary batteries prepared in Examples 4 to 6 according
to the present invention and Comparative Example 7.

As 1llustrated 1n FIG. 7, it may be understood that the
normalized capacity of the secondary battery of Example 7
was lower than those of the secondary batteries of Examples
4 to 6 according to the present invention. It may be under-
stood that the normalized capacity of the secondary battery
of Example 4 according to the present invention was the
highest and the normalized capacity of the secondary battery
of Example 6 was the next highest. It may also be under-
stood that the secondary batteries of Examples 4 to 6
according to the present mvention maintained higher nor-
malized capacities 1n comparison to the secondary battery of
Comparative Example 7 even in the case in which the
number of charge and discharge cycles was increased.

INDUSTRIAL APPLICABILITY

According to the present invention, silicon particles may
be coated with a carbon-based material in an 1n-situ process,
and the electrical conductivity may be increased by uni-
formly coating the silicon particles with the carbon-based
material by a simple method. Thus, capacity and cycle
stability may be improved.

The mvention claimed 1s:
1. A carbon-silicon composite, comprising silicon par-
ticles and a carbon-based material on surfaces of the silicon
particles,
wherein the carbon-based material comprises defects that
are doped with at least one type of doping atoms,

wherein the at least one type of doping atoms are selected
from the group consisting of nitrogen (N), phosphorous
(P), boron (B), sodium (Na), and aluminum (Al),

wherein a thickness of the carbon-based material coated
on the surfaces of the silicon particles 1s 1n a range of
1 nm to 5 nm, and

wherein the carbon-based material 1s included in an
amount ranging from 5 wt % to 10 wt % of the silicon
particles.

2. The carbon-silicon composite of claim 1, wherein the
doping atoms are included 1n an amount ranging from 3% to
8% based on carbon atoms of the carbon-based material.

3. The carbon-silicon composite of claim 1, wherein the
carbon-based material 1s any one selected from the group
consisting of graphene nanoribbons, carbon nanotubes, and
reduced graphene oxide, or a mixture of two or more thereof.

4. A method of preparing the carbon-silicon composite of
claim 1, the method comprising:

adding a carbon-based material, silicon particles, and a

reducing agent to a solution; and

heat treating a mixture obtained by the addition.

5. The method of claim 4, wherein the carbon-based
material 1s positively charged and the silicon particles are
negatively charged to be bound by mutual electrostatic
attraction.

6. The method of claim 4, wherein the carbon-based
material 1s any one selected from the group consisting of
graphene nanoribbons, carbon nanotubes, and reduced gra-
phene oxide, or a mixture of two or more thereof.
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7. The method of claim 4, wherein a diameter of the
silicon particle 1s 1n a range of 1 nm to 100 nm.

8. The method of claim 4, wherein the reducing agent 1s
any one selected from the group consisting of hydrazine,
ammonia, sodium borohydride, sodium naphthalenide,
sodium anthracenide, sodium benzophenone, sodium ace-
naphthylemde, {ferrocene, lithium aluminium hydnde,
lithium tris(terbutoxy)aluminium hydride borane, 9-borabi-
cyclo[3.3.1]nonane, and diuisobutylaluminium hydride, or a
mixture of two or more thereof.

9. The method of claim 4, wherein the solution 1s any one
selected from the group consisting of water, distilled water,
N-methyl-2-pyrrolidone (NMP), dimethyl sulfoxide
(DMSQ), acetonitrile, acetone, tetrahydrofuran (THF),
diethyl ether, toluene, and 1,2-dichlorobenzene, or a mixture
of two or more thereof.

10. The method of claam 4, wherein the solution 1s
alkalescent with a pH value ranging from 7 to 9.

11. The method of claim 4, wherein the heat treatment 1s
performed at a temperature ranging from 330° C. to 750° C.

12. The method of claim 4, further comprising filtering the
mixture between the adding to the solution and the heat
treating.

13. An anode active material comprising the carbon-
silicon composite of claim 1.

14. An anode comprising the anode active material of
claim 13.

15. A secondary battery comprising the anode of claim 14.

¥ H H ¥ ¥
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